Duchenne muscular dystrophy (DMD) has long been recognized as a cause of mental retardation, yet most individuals with DMD are not mentally retarded. Mean IQ scores are shifted down approximately 1 SD from the normal population, with approximately 19% of boys scoring in the mentally retarded range. 1 It has been proposed that all affected individuals with DMD have some cognitive impairment, and that this overall shift in scores would necessarily increase the number that fall in the mentally retarded range. 2 Although IQ scores in DMD appear to be distributed normally, specific analyses have not addressed whether all or only a subpopulation of DMD individuals are compromised cognitively. The possibility ex-ists that only boys with lower intellectual function have cognitive involvement related to the disorder, whereas the other boys are spared. We studied this question by examining cognitive skills across a large sample of children with DMD of varying intellectual level. Secondary analyses then compared skills between a subgroup of boys with DMD and their unaffected siblings.
The cause of cognitive impairment in DMD has not been established. It has been proposed that physical impairment may contribute to the detection of mental retardation; however, severity of cognitive impairment is not correlated with severity of physical decline. Also, comparison of patients with DMD with comparably physically impaired patients with spinal muscular atrophy (SMA) demonstrates DMD patients have lower intellectual levels than SMA patients, [3] [4] [5] [6] and verbal and memory skills appear to be selectively compromised. Other studies have also demonstrated specific verbal and memory deficits in DMD, whereas nonverbal skills (which do not require a heavy motor component) are generally intact. [7] [8] [9] [10] [11] [12] [13] The majority of studies have demonstrated broad verbal versus performance IQ differences, and have not examined verbal and memory functions in detail or among high-functioning boys with DMD.
The discovery that the mutated gene in DMD codes for multiple protein products that localize to separate tissue types, including muscle and brain, offers a potential explanation for the cognitive manifestation of the DMD phenotype. In the brain, dystrophin isoforms normally localize to circumscribed cerebral and cerebellar cortical regions [1] [2] [3] [4] [5] [6] [14] [15] [16] and are assumed to be absent in children with DMD. Although the contribution of the dystrophin brain products to function is unknown, their specific anatomic distribution suggests that they may well be involved in selective cognitive processes. Furthermore, because different mutations could potentially compromise some brain isoforms selectively over others, the possibility exists that there may be multiple cognitive phenotypes within the group.
The current study addressed three questions about cognition in boys with DMD: 1) Do all testable boys with DMD have some specific cognitive involvement or is just a subset affected? 2) Is general intellectual function associated with the specificity of the profile? 3) Is the profile of verbal and memory performance associated with DMD substantially different from a control comparison group? During part 1 of the current study we examined cognitive function in a large sample of boys with DMD who had a wide range of intellectual function. During part 2 we compared a smaller sample of DMD patients with their unaffected siblings.
Methods. Subjects. Part 1: probands' performance. A total of 92 boys with DMD were enrolled. Subjects were recruited from 1) the cohort ascertained in the Duchenne Muscular Dystrophy Clinical Trials Study (n ϭ 21); 2) private physicians associated with the Muscular Dystrophy Association clinics at Columbia Presbyterian Medical Center (CPMC; n ϭ 11), and the Albert Einstein Medical Center (n ϭ 3) in New York, NY, the Scottish Rite Children's Medical Center (SRCMC) in Atlanta, GA (n ϭ 15), and at Newington Children's Hospital in Hartford, CT (n ϭ 6); and 3) announcements and mailings through the Muscular Dystrophy Association and the Duchenne Parent Project (n ϭ 36). All were boys between 6 and 16 years of age, in otherwise good general health. They all spoke English as their primary language and were willing to participate. Diagnosis of DMD was based on clinical onset of progressive weakness before 5 years of age, elevated serum creatine kinase levels, and either molecular assessment of mutation in the DMD gene or muscle biopsy that was deficient in dystrophin and compatible with DMD. For those families in which more than one boy met criteria for inclusion (six families had two eligible sons), only one affected boy was included. The selected proband was chosen randomly; preference for the elder and then the younger boy alternated between families. A total of 88% of the sample were white, 5% were black, 3.5% were Hispanic, and the remainder were Asian.
Part 2: probands versus siblings. When possible, one healthy sibling without DMD was also recruited from each family. Selection criteria included the following: 6 to 16 years old, age within 5 years of the proband's age, in good general health, English as the primary language, and willingness to participate. When more than one control subject was available, preference was given first to boys and then to closeness of age. A total of 41 siblings met these criteria and participated. A total of 93% of the subjects were white, 5% were Hispanic, and 2% were black.
Procedures. All subjects received a battery of neuropsychological tests. Measures were chosen that emphasized verbal and memory skills, and that made minimal motor demands to minimize the potential confounding effects of impaired physical agility. The tests measured a broad range of general intellectual function, and included selected subtests from two composite neuropsychological measures. Data were collected either at CPMC (n ϭ 31), SRCMC (n ϭ 6), or in the subjects' homes (n ϭ 55). All subjects were assessed individually in a quiet room, and each assessment took approximately 3 hours. Subjects were given breaks as needed. Testing was conducted in English. All tests were scored twice, once by the person who administered them and once by a research assistant who had not had direct contact with the subject to ensure accuracy of the scored data. Discrepancies were resolved by consensus.
Measures. Because of the anticipated wide variability of IQ in DMD, the Peabody Picture Vocabulary TestRevised (PPVT-R) 17 was included as a screening measure of general intellectual function. This test requires the subject to listen to a word and point to one of four pictures shown to describe the word best. The test has very simple starting items and measures the higher limits of each subject's functioning, making it a reliable measure of singleword comprehension in both low-and high-functioning individuals. Furthermore, the PPVT-R has clear and direct instructions and is correlated strongly with more detailed measures of verbal IQ. A standard score with a mean of 100 and an SD of 15 was computed for the PPVT-R and was used as an estimate of each subject's overall verbal intellectual function.
For the purposes of the current study's data analysis, only well-standardized measures with equivalent normative information for each subtest were chosen from a battery of tests administered. These included selected verbal subtests from the Wechsler Intelligence Scale for Children-III (WISC-III)-information, similarities, comprehension, and digit span 18 -and selected subtests from the Wide Range Assessment of Memory and Learning (WRAML)-verbal learning, visual learning, story memory, and picture memory. 19 Data analysis. Part 1: probands' performance. The range of standard scores on the PPVT-R was examined to determine the distribution of patients' scores. Performance on the PPVT-R was used as a way to segregate the patients scoring in the "mentally retarded" range from the rest of the sample. For the data analysis of the current study, only patients with standard scores more than 70 on the PPVT-R were included.
On the composite neuropsychological measures, nonparametric rank order analyses were used to determine whether patients had similar cognitive strengths and weaknesses irrespective of general intellectual level. Because each test included in these analyses was standardized on the same population, similar performance across the tests would be expected for each individual. Furthermore, within a group of subjects, individual variation of scores across tests should be random. Thus, a significant finding on the rank order analyses indicates across-subject consistency in the relative performance on the subtests. For each subject, the scaled scores (SS) obtained on the individual subtests of the WISC-III and WRAML were rank ordered: Each subject's subtest with the lowest SS was assigned a "one," the next lowest score a "two," and so on, across the four subtests. Then, each individual's rankings were combined with those of the other patients in the sample, and a Friedman analysis of related samples determined the similarity of rankings across patients. During follow-up analyses, the patients were segregated into two groups: those whose PPVT-R SS was more than the median of the distribution and those who SS was less than the median. The nonparametric rank order analyses were then repeated separately in those two groups to determine whether patterns of strengths and weaknesses differed as a function of general level of intelligence. Standard scores were also plotted against IQ levels to look for tendencies in the data as a function of IQ.
Part 2: probands versus siblings. To investigate further the cognitive profile associated with boys with DMD and normal IQ, probands' performance on the tests was compared with that of their unaffected siblings. Individual Student's t-tests were calculated for age, grade, and PPVT-R standard scores to ensure similarity of the groups. Socioeconomic and background variables did not require statistical control because subjects were from the same family and household. To determine whether the subgroup of probands with siblings accurately reflected characteristics of the larger sample, rank order analyses were calculated using the WISC-III and WRAML subtests. Rank order analyses were also conducted to determine whether there was a profile of cognitive strengths and weaknesses among the siblings in the comparison group.
To determine whether the cognitive profiles were substantially different, scores on each of the standardized test measures were then compared across the DMD and sibling control groups using multivariate analyses of variance (MANOVAs) with gender included as a covariate.
Results. Part 1: probands' performance. All 92 patients took the PPVT-R. As expected, the range of scores was great, from less than 40 (the minimum PPVT-R standardized score) to 160 (the maximum PPVT-R standardized score; figure 1 ). Ten patients (approximately 11%) had a standard score of Յ70, falling within the "mentally retarded" range. To ensure that results from other tests were analyzed only from DMD patients with "normal" verbal IQs, the PPVT-R was used to segregate the patients for further analyses.
For the remaining 82 patients with an estimated verbal IQ of more than 70, testing was attempted on the WISC-III and WRAML subtests. Two patients were unable to complete the tests due to severe behavior problems; both exhibited autistic-like behavior and were unable to comply with the structure necessary in a standardized testing environment. As such, data for the WISC-III subtests are presented on 80 patients. Of those 80 patients, one refused to complete the WRAML subtests.
Examination of the data collected on the probands with "normal" intellectual function (estimated verbal IQ range, 71 to 160) indicated that a specific neuropsychological profile existed, irrespective of general intellectual level. Friedman rank order analysis on the four WISC-III verbal subtests was highly significant ( 2 ϭ 67.87, p Ͻ 0.001), indicating that there was a consistent similarity in the rank ordering of test performance across patients. Performance was ranked from worst to best in the following order: digit span, comprehension, similarities, and information. Friedman rank order analysis on the four WRAML subtests was also highly significant ( 2 ϭ 27.00, p Ͻ 0.001). Tests were ranked from worst to best in the following order: story memory, picture memory, verbal learning, and visual learning.
To determine whether the WISC-III profile existed independently of intellectual function, the group was split into those whose PPVT-R score was either more or less than the median of the probands' distribution of scores, and Friedman analyses were repeated on the two subgroups. Ranks were consistent regardless of estimated verbal IQ level (patients with an estimated verbal IQ Ͼ 108: 2 ϭ 50.56, p Ͻ 0.001; patients with an estimated IQ Ͻ 108: 2 ϭ 22.03, p Ͻ 0.001). Figures 2 and 3 represent the patients' profile on the WISC-III and WRAML subtests across their estimated IQ range. Note that the SS for digit span and comprehension were consistently lower than the SS of the other WISC-III verbal subtests across the wide rage of intellectual function. Similarly, note that the story memory SS were consistently lower than those of the other WRAML subtests, across the IQ range.
Part 2: probands versus siblings. Probands' performance was then compared with that of unaffected siblings. Among the previously described 80 patients, 41 had a sibling control. Twenty-four control subjects were boys and 17 control subjects were girls. Twenty-two siblings were older than the proband (13 boys and 9 girls) and 19 subjects were younger (11 boys and 8 girls). All 41 siblings took the PPVT-R, and WISC-III and WRAML subtests. The proband who refused to finish the WRAML subtests was in the matched group, so analysis of the WRAML is presented on only 40 subject pairs.
Comparison of the proband and matched sibling groups using Student's t-test confirmed that the groups did not differ with respect to age, grade, or estimated verbal IQ (t ϭ 1.02, 1.44, and 1.22 respectively; not significant).
To determine whether the proband group selected on the basis of sibling participation was similar to the larger proband sample, repeat rank order analyses were conducted. Rank order analysis of the subset of the proband group was similar to that of the larger sample for both the WISC III ( 2 ϭ 35.34, p Ͻ 0.001) and WRAML subtests (probands, 2 ϭ 17.80, p Ͻ 0.001). Rank order analyses were calculated to investigate whether the unaffected sibling comparison group had a cognitive profile similar to that of the probands. No consistent profile was observed across the WISC-III subtests ( 2 ϭ 5.49, not significant) or WRAML subtests ( 2 ϭ 1.23, not significant). This confirms that within the control group, individual cognitive strengths and weaknesses varied.
MANOVAs were used to examine whether the probands performed differently from their siblings on the neuropsychological tests. The groups did not differ in age, grade, or estimated verbal IQ, but the sibling group included girls as well as boys, so gender was used as a covariate. The omnibus comparison of the two groups' performance on the WISC-III subtests was significant (F ϭ 5.18, p Ͻ 0.01). Examining the univariate ANOVAs, significant intergroup effects were found for digit span and comprehension (F ϭ 13.50, 6.78; p Ͻ 0.01), with the probands having lower scores on these tests than their siblings. No significant intergroup differences were observed for the similarities and information subtests.
The omnibus test for intergroup performance on the WRAML subtests was also significant (F ϭ 2.61, p Ͻ 0.05). Examining the univariate ANOVAs, significant intergroup effects were found for story memory (F ϭ 6.31, p Ͻ 0.05), with the probands performing more poorly than their siblings. Additionally, there was a trend toward poorer performance for the probands on the picture memory subtest. No significant intergroup differences were observed on the verbal and visual learning subtests.
Discussion. These data present clear evidence of a specific cognitive profile associated with DMD. Boys with DMD performed more poorly on tests of digit span, verbal comprehension, and story memory relative to their other verbal and memory skills. Furthermore, this finding was consistent across all levels of general intellectual function, suggesting that the pattern of cognitive strengths and weaknesses is found among all individuals with DMD, irrespective of their general intelligence. This was demonstrated by analyzing the data in two separate ways. Part 1 examined the probands' performance by rank ordering nonretarded individuals' scores and examining the nature of those rankings across the subject group and by plotting performance on indi- vidual subtests across intellectual level. Part 2 compared test performance of nonretarded affected boys with performance of their unaffected siblings, controlling for the effects of overall IQ. Therefore, the answer to the first question-Do all boys affected by DMD have some cognitive involvement?-is yes. However, this clearly does not mean that all boys with DMD have cognitive deficits or intellectual impairment. Although the overall profile of cognitive strengths and weaknesses was similar across boys with DMD, the degree of cognitive involvement was variable. Notably, for many of the boys in the sample, being relatively weaker in their digit span, verbal comprehension, and story memory skills was still consistent with overall good cognitive ability. Within this sample of boys chosen on the basis of the physical characteristics of the disorder, the estimated verbal IQ ranged from the lowest measurable score (40) to the highest measurable score (160) on the test used (the PPVT-R). This wide range is consistent with previous reports in the literature. 8, 12, [20] [21] [22] [23] [24] Furthermore, and also in agreement with the literature, the intellectual functioning of the majority of boys in the sample was well within normal limits, and only those boys whose IQs were more than 70 were chosen for the current analyses. Additionally, even when they were split by their median estimated IQ score, even those boys in the high-functioning group (PPVT-R SS, Ͼ108) had evidence of a significant cognitive profile. And when plotted across the IQ range, the ranking of the subtests remained consistent. Thus, the answer to the second question-Is general intellectual function associated with the specificity of the profile?-is no. Even though these data indicate that all the boys with DMD are characteristically weak in certain cognitive areas, for many, their general cognitive abilities are strong enough to preclude them from having learning difficulties.
The cognitive involvement in the DMD group did not generalize across all memory or verbal tasks. The children in the DMD group did relatively well and performed no differently than their siblings on rote memory tests that did not involve any "mental manipulations." When asked to learn a list of 16 words or the positions of 14 visual designs hidden on a board, the boys with DMD did well. For both of these tests, the items are presented over four trials, and the total number of recalled items is computed. The boys with DMD were able to sustain their concentration and demonstrated increased recall with each successive trial, indicating intact attention, learning, and rote memory skills. Additionally, they did well on some verbal tasks. The boys with DMD had no trouble answering questions about general factual information or explaining the similarity between two given items. As such, they demonstrated intact general verbal understanding and verbal abstract thinking skills, as well as the ability to articulate well-formulated responses.
In contrast, the DMD group performed less well, relative to themselves and compared with their siblings, on tests of digit span, comprehension, and story memory than they did on the other tests administered. This was true regardless of degree of cognitive involvement in the DMD subjects. Each of the measures on which they did relatively more poorly requires attention and ability to "immediately hold" and "work with" aurally presented information. The subject must remember, manipulate, and repeat back a string of digits; comprehend, consider, and respond to a linguistically complex question; and listen to, process, and reconstruct a short story. Each task taxes the subject's verbal working memory.
Thus, the cognitive profile associated with DMD has areas of cognitive deficit that appear to be related to deficient verbal working memory and auditory comprehension skills. According to a model by Baddeley et al., 25 these functions are integrally related. The current results suggest DMD may affect the proposed "phonologic loop" necessary for optimal development of verbal working memory.
Numerous studies, including an analysis of select subjects from the current sample on a more comprehensive battery of neuropsychological tests (described in a paper in press 26 ) have shown visuospatial skills to be relatively intact in boys with DMD. In general, earlier work examining cognitive skills in DMD supports the theory that verbal working memory skills are compromised, but no previous study has examined it across such a wide range of intellectual function and found the profile to be consistent regardless of level of overall intellectual ability. Furthermore, the current results are more specific than those reported previously. Work comparing DMD patients with SMA patients noted deficient digit span in the DMD group. 12, 20, 27 Other previously reported findings among boys with DMD include decreased visual memory as well as verbal memory, 20 more generalized verbal involvement, 27 and poor serial learning, 7 which clearly were not replicated here. Rather, the current data indicate that rote learning and longterm memory are relative strengths for the DMD group. Although there have been many similarities in the findings across the studies, there have also been discrepancies, likely due to methodological issues. Some studies only evaluated children with learning difficulties 9 and others lacked an appropriate comparison group. 8, 11, 13, 28 The design of the current study, ranking individual performance profiles across IQ levels and examining sibling pairs of similar general verbal IQ, likely controls for more potentially confounding variables than the previously reported studies. The finding that boys with DMD have relatively poor verbal working memory is both robust and reliable.
We hypothesize that dystrophin products contribute to the optimal brain function underlying working memory skills. Because the brains of children with DMD have developed without specific dystrophin isoforms, they likely function slightly differently from brains that developed with the dystrophin isoforms (like those of their siblings). Overt level of cognitive dysfunction in DMD is extremely variable. Other as yet unknown genetic and environmental factors likely contribute to the wide range of cognitive involvement. All boys with DMD are put at increased risk for learning difficulties because of their relatively weaker verbal working memory skills, yet the majority compensate well. For children with DMD, emphasizing learning strategies that rely more heavily on rote memorization and nonverbal methods, rather than verbal working memory skills, may enhance their quality of life substantially.
